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ABSTRACT
Open pit gold mining is an important sector of the Australian mining industry. It uses
large amounts of investments, which need to be managed efficiently under conditions of
great uncertainty that are inherent for any mine project. The sources of uncertainty are
price volatility and variability of geological, technological, technical and economic
parameters. These specific features lay down the requirement for developing an
adequate probabilistic approach to provide accurate estimates of the associated risk in
the decision-making process.
This paper offers a risk model of long-term production scheduling of open pit gold
mines. The model is developed on the basis of full discounted cash flow analysis (DCFA)
to the level of assessing the net operating discounted cash flows. It accounts for all
variables of the DCFA, which exhibit a stochastic behaviour and contribute to the overall
mine project uncertainty. The Monte Carlo simulation technique is used for modelling
the risk of not achieving the planned discounted profit over any point of the time
discretisation of the cash flows. The risk model also provides a solution for the risk
estimate of mine investments over the payback period, which is of a particular interest to
mine investors. A case study is presented to illustrate the applicability of the model
developed.
INTRODUCTION
Risk analysis of open pit mine projects in the Australian gold mining industry is a required procedure in
the decision-making process. It deals with the problem of a quantitative estimation of uncertainty in
information about production scheduling parameters. The solution to this problem is of great
importance for achieving sustainable exploitation of the available resources of gold ore.
At present, the most popular mining practice for assessing the variability of production scheduling
parameters on the economic forecasts of mining ventures is by using sensitivity analysis.
Unfortunately, this analysis cannot provide quantitative estimates of the risk of a mine project as it is a
mathematically simplistic procedure. There have been a limited number of research developments on
risk models, which have paved the way for a new theoretical approach. Major attention in these models
has been dedicated to the geological factor, such as, the uncertainty in the reserve evaluation. The
uncertainty due to the geological factor, however, represents only a percentage of the overall
uncertainty that a mine project could have. There are other important factors, such as, economic,
technological, and technical ones, which are associated with mine projects. This gives grounds to
regard the risk models of mine projects developed using only the geological factor as inaccurate and
unreliable for mining purposes. A strong argument for making this conclusion is, for example, the
recent collapse of Pasminco Century Mine, which was due to the underestimation of the uncertainty of
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both the economic and technological factors. There are also some research developments in risk models
that take into account a restricted number of technological, technical and economic parameters. This
indicates that the problem of risk modelling of mine projects has not yet been solved successfully.
This paper offers a risk model that is developed on the basis of a full discounted cash flow analysis
of a gold mine project and takes into account the variability of all possible parameters. The model is
defined as a probability of not achieving the planned discounted profit over any point of the time
discretisation of the discounted cash flow analysis, including the payback period. In this way it provides
integral estimates of the risk over the life-of-mine. From the position of mine investors, whose major
concern is the return of their investments, this risk model would be of interest.
THEORETICAL FRAMEWORK
Assumptions
The development of a risk model of long-term production scheduling of gold mining is possible only
with the introduction of some assumptions. This is due to the complexity of the problem. The current
risk model is developed under the following assumptions:
• The model deals only with open pit gold mining.
• The model is based on an example discounted cash flow analysis of a mine project with the objective
of achieving the annual net discounted cash flows.
• The mine has three technological flows – basic ore, secondary ore and waste supply. Waste goes to
external dumps. Basic ore has a grade higher than the mill-feed cut-off grade and goes directly to the
processing plant. Secondary ore has a grade between mill-feed cut-off grade and break-even cut-off
grade. The technological scheme of the gold processing is described in detail in (Halatchev, 2005).
• The model does not take into account the environmental consequences of the mining activity.
• The model treats only the mine project risk as a component of the discount rate (Smith, 1994).
Deterministic model
The operating discounted cash flow ODCF t i( ) of a gold mine project at time t i can be expressed
analytically as follows:
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The definition of each parameter of Equation 1 is given in Table 1. All parameters participate in an
optimisation procedure of long-term production scheduling that is base on the concept of
‘mine-mill-market’ interaction (Halatchev, 2005). The operating discounted cash flows are usually
estimated on an annual basis.
Equation 1 will be used for expressing the cumulative discounted cash flow CDCF t i( ) of the mine
project over the time period t i :
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Equation 2 can provide assessments of two general evaluation criteria of the mine investment
analysis. The first criterion is the cumulative discounted cash flow over the payback period (PBP),
which is one of the most common evaluation criteria used by mining companies at present. By
definition, the payback period is the number of years required for the cash income from a project to
return the initial investments in the project (Gentry et al, 1984). The analytical expression of this
important criterion under the condition that the time t i is equal to the payback period t PBP is as follows:
CDCF t ODCF tPBP j
j
PBP
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CRC Mining Technology Conference Fremantle, WA, 27 - 28 September 2005 3
RISK MODEL OF LONG-TERM PRODUCTION SCHEDULING IN OPEN PIT GOLD MINING
Parameter Definition
rd Discount  rate of the mine project
St
g
i
Price of gold
Roti Royalty as per cent of the revenue
Ct
ma
i
Unit marketing cost of payable metal
Ct
p
i
Unit processing cost of basic ore
Cb
m
ti
Unit mining cost of basic ore
C s
m
ti
Unit mining cost of secondary ore
mb ti
Gold as a final product in basic ore production
ms ti
Gold as a final product in secondary ore production
C s
sp
ti
Unit cost of secondary ore stockpiling
Cw ti Unit cost of waste removal
Qtboi Production rate of a shovel in basic ore
Qtsoi Production rate of a shovel in secondary ore
Qtwi Production rate of a shovel in waste
α b ti
Basic ore grade
α s ti
Secondary ore grade
γ tmi Mining recovery of ore
γ t i Total recovery of gold as a final product
Ct
ag
i
Administration and general cost
Dt i Depreciation allowance
Tt
s
i
State income tax
Ct
ce
i
Capital expenditure
Ct
wc
i
Working capital
nboti
Number of shovels for basic ore excavation
nsoti
Number of shovels for secondary ore excavation
nw ti
Number of shovels for waste excavation
n Number of years over the life-of-mine
TABLE 1
Definition of the DCFA parameters.
The second criterion is the net present value (NPV) of the mine project, which is an integral
evaluation criterion that recognises the time effect of money over the life-of-mine. In this case, the time
t i is equal to the life-of-mine t n and the relevant analytical expression can be written as:
NPV CDCF t ODCF tn j
j
n
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1
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The analysis of Equations 2 - 4 indicates that the cumulative discounted cash flows of a project are
defined as a sum of all operating discounted cash flows over a particular period of time. In other words,
the cumulative discounted cash flows perform as a function of the operating discounted cash flows.
For the sake of convenience, the parameters of the discounted cash flow analysis (DCFA) can be
grouped as follows:
• first group: economic parameters – gold price, royalty, unit marketing cost of gold, unit processing
cost of basic ore, unit mining cost of basic ore, unit mining cost of secondary ore, unit cost of waste
removal, unit cost of secondary ore stockpiling, administration and general cost, depreciation
allowance, state income tax, capital expenditure, working capital, and discount rate of the project;
• second group: technological parameters – mining recovery of ore, total recovery of gold as a final
product, mill-feed cut-off grade, break-even cut-off grade, and the life-of-mine;
• third group: technical parameters – production rate of a shovel in basic ore, production rate of a
shovel in secondary ore, production rate of a shovel in waste, and number of shovels; and
• fourth group: geological parameters – ore grade and tonnage.
The analysis of all groups of parameters shows that the economic parameters form the largest group.
This means that the development of a risk model, most of all, has to place a strong emphasis on the
accurate stochastic modelling of the economic parameters, which is a complex problem. This is
especially valid for the long-term forecasts of gold price because the mining companies in gold mining
are price takers.
The groups of technological and technical parameters also play an important role in the
development of the risk model for long-term production scheduling. These parameters require a
specific modelling approach dealing with the dynamics of mine exploitation as well as the rigorous
restrictions of the mining and processing technologies and production equipment used.
The group of geological parameters includes ore grade and tonnage. The ore grade and tonnage are
very important factors as their estimates are the real basis of mine production scheduling. For the
objectives of a long-term scheduling and a feasibility study, the estimates of ore grade and tonnage are
determined at the stage of deposit exploration.
Risk model
The risk model takes into account all parameters listed in Table 1, as they affect the stochastic nature of
the discounted cash flows of the mine project. Each parameter represents a variable having its own
stochastic law of performance.
Equation 2 is used for assessing the cumulative discounted cash flows in the form of a sum of all
operating discounted cash flows for a given period of the DCFA. Based on this equation the general risk
model can be formulated as the probability of not achieving the planned discounted profit over a given
period of time. Analytically, the risk model can be presented as follows:
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{ }R t CDCF t CDCF t ii i plan i( ) ( ) ( ) ,= < ∀Pr (5)
where:
CDCF tplan i( ) is the planned cumulative discounted cash flow at time t i .
Logically the probability or risk of not achieving the planned discounted profit over the PBP can be
presented in the following way:
{ }R t CDCF t CDCF tPBP PBP plan PBP( ) ( ) ( )= <Pr (6)
where:
CDCF tplan PBP( ) is the planned cumulative discounted cash flow at time t PBP .
Analogically, the probability or risk of not achieving the planned discounted profit over the
life-of-mine can be presented as follows:
{ }R t CDCF t CDCF tn n plan n( ) ( ) ( )= <Pr (7)
where:
CDCF tplan n( ) is the planned cumulative discounted cash flow at time t n , which is the equivalent of the
planned NPV of the mine project.
The planned cumulative discounted cash flows in Equations 5 - 7 are assessed with a deterministic
discounted cash flow analysis.
The evaluation of the risk model requires the determination of the statistical characteristics of
cumulative discounted cash flows such as, mean and variance (or standard deviation). The latter
determine the stochastic behaviour of CDCF t i( ) as a random quantity. The determination of the
statistical characteristics as well as the assessment of the risk deal with the knowledge of the probability
density function (pdf) of CDCF t i( ). This knowledge can be acquired by testing the empirical
distribution with relevant statistical tests.
The estimation of the risk based on models 7 - 9 represents a solution of the following integral:
R t f x dx ii
CDCF tplan i
( ) ( ) ,
( )
= ∀
−∞
∫ (8)
where:
f x( ) is the probability density function of CDCF t i( ).
The theoretical lower limit of the integral in Equation 8 is chosen to be (−∞) because the cumulative
discounted cash flows of a mine project can take negative values.
An original risk model can also be formulated if the assessments of the risk are made toward the
operating discounted cash flows of the mine project. The general form of this risk model will be:
{ }R t ODCF t ODCF t ii i plan i( ) ( ) ( ) ,= < ∀Pr (9)
where:
ODCF tplan i( ) is the planned operating discounted cash flow at time t i .
The planned operating discounted cash flows have to be equal zero, ie:
ODCF t iplan i( ) ,= ∀0 (10)
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This means that the mining company sets a strategy for achieving only positive operating cash flows
over the life-of-mine. This approach is useful as it could provide another range of the risk estimates of
the mine project.
A suitable technique for assessing the statistical characteristics of CDCF t i( ) or ODCF t i( ) is the
implementation of the Monte Carlo simulation technique. There are two principal reasons for that. The
first reason is that CDCF t i( ) or ODCF t i( ) are non-linear functions of the variables of the operating
discounted cash flows that do not allow a direct determination of the analytical expressions of the
statistical characteristics of the dependent variable. The second reason is that these functions comprise a
great number of variables, which adds to the complexity of the problem.
It is worth noting that the risk assessments of a mine project can be done in two different ways
depending on the type of probability distributions used for the stochastic description of the discounted
cash flow criteria. The first method uses continuos probability distributions while the second method
deals with discrete probability distributions.
Variables modelling
The risk model uses the parameters provided in Table 1 as random variables, with some exceptions. The
exceptions are the following parameters: discount rate of the mine project, number of years over the
life-of-mine, number of shovels, mill-feed cut-off grade and break-even cut-off grade, which are treated
as constants. The discount rate of the mine project has a complex nature. In the context of the risk model 6,
its utilisation for assessing the payback period of the mine project does not need any stochastic
interpretation (Davis, 1995). The other two parameters have estimates that are obtained from a production
scheduling optimisation procedure (Halatchev, 2005). These estimates determine a strongly defined
variant of an optimum production schedule to be used as a deterministic basis of the present risk model.
The parameters, mill-feed cut-off grade and break-even cut-off grade, are indirect variables of the present
risk analysis. They affect the division of ore tonnage into basic ore and secondary ore. An assumption is
used that they are constants in order to simplify the calculation procedures of the risk model.
Every variable of the risk model has a specific stochastic behaviour. In principle, two mathematical
models can be used for the stochastic description of the variables. These are the model of random quantity
and the model of random function. The model of random quantity is applicable for variables having a
stationary character of variation. The stationary is admissible to be defined even in a wide sense. The
implementation of the model of random quantity requires testing procedures to determine the probability
distribution of the empirical material as well as the estimates of the mean and variance (or standard
deviation) of each independent variable. The random function model is applicable for variables having a
complex stochastic performance. Such a behaviour assumes the presence of a trend component as well as
a seasonal component in some cases. Suitable mathematical techniques for implementing the model of
random function are the autoregressive moving average (ARMA) modelling and autoregressive
integrated moving average (ARIMA) modelling of the Box-Jenkins’ methodology (Halatchev, 1996),
random walk modelling (Rudenno, 1982), and conventional regression analysis.
The modelling of ore grade and tonnage, in principle, is a specific task in the risk analysis of
long-term production schedules. It is usually suggested to be made with the methods of geostatistics.
There are several geostatistical methods but the most widely used methods are the conditional
simulation and kriging (Souza et al, 2004). Conditional simulation is considered as a reliable method as
it provides a quantitative measure of uncertainty. Kriging, as known, provides the best local estimate in
the least-square sense. Both methods assess confidence intervals around the mean and hence, they can
be used for assessing the variance of each block of the mine sequence, which is the requirement of the
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current risk model. The geostatistical modelling, indeed, is the implementation of the model of random
function, where the source of uncertainty deals with the spatial variability of the ore grade and tonnage.
The choice of a particular model depends not only on the stochastic behaviour of each variable of
the risk model but also depends on the amount and quality of the available data. Different stages of the
mine project, such as, exploration, pre-feasibility, feasibility, and exploitation would provide different
number and quality of the input data necessary for modelling the risk model variables. This means that
the present risk model can not define exactly what variables have to be described with the model of
random quantity and what variables have to be described with the model of random function.
CASE STUDY
The case study is based on a hypothetical open pit gold mine. The mine design as well as the relevant
geological model is described in detail in (Halatchev, 2005). The optimum production schedule of the
mine is shown in Figure 1 and it is used as a deterministic basis of the current risk analysis. The schedule
has a multi-stage stabilisation of the mining rate due to the implementation of the principle of waste
deferment. The life-of-mine is 35 years.
The transformation of the optimum production schedule into an optimum schedule of the
excavation equipment is shown in Figure 2. The basic and secondary ore are excavated with two
Liebherr 994 shovels. The waste schedule is served by two O&K shovels. The Liebherr 994 shovel
annual production rate is modelled with a mean estimate of 4 800 000 tonnes and a standard deviation of
48 000 tonnes. The O&K shovel production rate has a mean of 11 000 000 tonnes and standard
deviation of 110 000 tonnes. The modelling of the standard deviation for variable shovel production
rates is based on a method developed by Halatchev and Lever (2004).
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FIG 1 - Optimum production schedule of the mine.
The grade distribution over the life-of-mine of the basic and secondary ore of the optimum
production schedules are graphically shown in Figure 3. The grades are presented as average estimates
for each period of the schedule timing.
The input data of the risk modelling is summarised in Table 2. The data represents statistical estimates
of the risk model variables, such as, mean and standard deviation. An assumption is used for modelling
the independent variables of Equation 1 with the model of random quantity as well as using a normal
probability distribution function in order to simplify the calculation procedures. It is worth noting that the
standard deviation of each variable is assessed as ±10 per cent variation of the mean estimate. This is valid
even for those variables, which have time dependant mean estimates over the life-of-mine. These
variables are the basic and secondary ore grades, the distribution of which is shown in Figure 3. The time
dependant variables are also the administration and general cost, depreciation allowance, state income tax,
capital expenditure, and working capital. The administration and general cost is assessed conditionally as
$0.67 per tonne of basic ore production (Stermole, 1979). The capital cost of $96 500 000 made at year
zero includes: $31 500 000 for mine equipment, $20 000 000 for mill shell and buildings, $40 000 000
for mill equipment and $5 000 000 for tailings dam. There are two other capital costs of $20 000 000
made at year 11 and year 22 for equipment replacement and spare parts. The depreciation allowance is
made toward any type of capital cost using the method of straight-line depreciation. The amount of
working capital is $16 500 000, which is allocated to year zero.
The results of the DCFA are graphically illustrated in Figure 4, which shows the distribution of the
deterministic operating (ODCF) and cumulative (CDCF) discounted cash flows over the life-of-mine.
The estimate of the payback period is 2.90 years. At this point of time the cumulative discounted cash
flows become equal to zero. Figure 4 also shows the stochastic ODCF and CDCF, which are modelled
with the Monte Carlo simulation technique. The deterministic estimate of the NPV of the project is
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FIG 2 - Optimum schedule of shovels.
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Parameter Units Mean Standard deviation
Price of gold $A per gram 16.30 0.54
Royalty $A per gram 3.00 0.10
Unit marketing cost of payable metal $A per gram 0.02 0.001
Unit processing cost of basic ore $A per tonne 8.80 0.29
Unit mining cost of basic ore $A per tonne 2.20 0.07
Unit mining cost of secondary ore $A per tonne 2.20 0.07
Unit cost of waste removal $A per tonne 2.00 0.06
Unit cost of secondary ore stockpiling $A per tonne 1.50 0.05
Basic ore grade Grams per tonne Variable Variable
Secondary ore grade Grams per tonne Variable Variable
Mining recovery of ore Relative units 1.0 0.0
Total recovery of gold Relative units 0.84 0.03
Liebherr_994 shovel production rate Tonnes per year Variable Variable
O&K shovel production rate Tonnes per year Variable Variable
Administration and general cost $A per year Variable Variable
Depreciation allowance $A per year Variable Variable
State income tax $A per year 30% 1%
Capital expenditure $A per year Variable Variable
Working capital $A per year Variable Variable
TABLE 2
Statistical estimates of parameters modelled as random quantity.
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FIG 3 - Optimum production schedule of ore grades.
$242 865 682, while the stochastic estimate is $240 241 750. The difference of $2 623 932 indicates that
there is overestimation of the deterministic NPV, which is calculated only with mean estimates of the
independent variables.
The Monte Carlo simulation was performed with a computer module written in C++. The number of
generations of NPV is 1000. The results obtained from the risk modelling are illustrated graphically in
Figure 5. There are two types of risk estimates that are related to the ODCF and CDCF respectively. The
analysis of Figure 5 shows that the CDCF related risk estimates over the life-of-mine have a slight trend
of increasing by the end of the mine project. The last estimate is, indeed, the risk of not achieving the
NPV of the mine project, which is 53.51 per cent. The risk of not achieving the planned CDCF over the
payback period is 51.20 per cent. Generally all risk estimates regarding the CDCF exceed 50 per cent as
there is an overestimation of the deterministic cash flows with regard to the stochastic cash flows. The
ODCF related risk estimates show a very useful picture. The risk of not achieving the planned ODCF in
the year that determines the payback period is 0.26 per cent, while the risk related to the last year of the
project is 2.62 per cent. There are three critical points marked on the graph. The critical points 1 (cp.1)
and 2 (cp.2) are related to the risk estimates of 16.89 per cent and 24.74 per cent that are obtained in the
year 11 and year 22, respectively. These estimates represent a significant increase of the risk due to the
capital costs spent in the years in questions. The third critical point (cp.3) is related to the risk estimate
of 27.70 per cent obtained in the year 26. Most likely the risk increase at this point is due to the increase
of waste and decrease of basic ore grade, which can be seen in Figure 1 and Figure 3, respectively.
It is worth noting that all risk estimates regarding the ODCF and CDCF are obtained using a normal
probability density function. This is illustrated in Figure 6 that shows a histogram of the NPV sample of
1000 relevant Monte Carlo generations.
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FIG 4 - Distribution of discounted cash flows.
CONCLUSIONS
The following conclusions can be made from the present investigation:
• the results presented are a research attempt for defining the theoretical framework for a general risk
model of the projects in open pit gold mining;
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FIG 6 - Histogram of NPV with normal probability density function.
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FIG 5 - Risk estimates of ODCF and CDCF.
• the risk model developed takes into account the uncertainty of all variables of an open pit gold mine
project by using the discounted cash flow analysis till the level of assessing the planned net
operating discounted cash flows over the life-of-mine;
• the solution presented for assessing the risk of not achieving the planned discounted profit over the
life-of-mine and, in particular, at any time step of the discounted cash flow analysis, has the
potential to significantly improve the decision-making process.
• further research is required for achieving an effective risk model to account for details of the
stochastic performance of the risk model variables and their mutual correlation on different levels of
modelling.
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